Brinson KN, Rafikova O, Sullivan JC. Female sex hormones protect against salt-sensitive hypertension but not essential hypertension. Am J Physiol Regul Integr Comp Physiol 307: R149 -R157, 2014. First published May 14, 2014 doi:10.1152/ajpregu.00061.2014.-Initial studies found that female Dahl salt-sensitive (DS) rats exhibit greater blood pressure (BP) salt sensitivity than female spontaneously hypertensive rats (SHR). On the basis of the central role played by NO in sodium excretion and BP control, we further tested the hypothesis that blunted increases in BP in female SHR will be accompanied by greater increases in renal inner medullary nitric oxide synthase (NOS) activity and expression in response to a high-salt (HS) diet compared with DS rats. Gonad-intact and ovariectomized (OVX) female SHR and DS rats were placed on normal salt (NS; 0.4% salt) or HS (4% salt) diet for 2 wk. OVX did not alter BP in SHR, and HS diet produced a modest increase in BP. OVX significantly increased BP in DS rats on NS; HS further increased BP in all DS rats, although OVX had a greater increase in BP. Renal inner medullary NOS activity, total NOS3 protein, and NOS3 phosphorylated on serine residue 1177 were not altered by salt or OVX in either strain. NOS1 protein expression, however, significantly increased with HS only in SHR, and this corresponded to an increase in urinary nitrate/nitrite excretion. SHR also exhibit greater NOS1 and NOS3 protein expression than DS rats. These data indicate that female sex hormones offer protection against HS-mediated elevations in BP in DS rats but not SHR. We propose that the relative resistance to HS-mediated increases in BP in SHR is related to greater NOS expression and the ability to increase NOS1 protein expression compared with DS rats. nitric oxide; Dahl-salt sensitive rats; ovariectomy; spontaneously hypertensive rats SALT SENSITIVITY OF BLOOD pressure (BP) is associated with an increased risk for the development of hypertension and cardiovascular disease. Among women, the prevalence of salt sensitivity increases following both surgical and natural menopause (14, 38), suggesting that the loss of ovarian hormones renders women prone to salt sensitivity and increases their risk of developing hypertension (38). This is further supported by studies in experimental animals; surgical ovariectomy (OVX) increases the BP response to salt in many rat strains, including Dahl salt-sensitive (DS) and Dahl salt-resistant rats (59), mRen(2).Lewis rats (7), Sprague-Dawley rats treated with aldosterone (57), and spontaneously hypertensive rats (SHR) (10). These data suggest that female sex hormones are critical in influencing sodium handling and BP regulation; however, the mechanisms responsible continue to be investigated.
SALT SENSITIVITY OF BLOOD pressure (BP) is associated with an increased risk for the development of hypertension and cardiovascular disease. Among women, the prevalence of salt sensitivity increases following both surgical and natural menopause (14, 38) , suggesting that the loss of ovarian hormones renders women prone to salt sensitivity and increases their risk of developing hypertension (38) . This is further supported by studies in experimental animals; surgical ovariectomy (OVX) increases the BP response to salt in many rat strains, including Dahl salt-sensitive (DS) and Dahl salt-resistant rats (59) , mRen (2) .Lewis rats (7), Sprague-Dawley rats treated with aldosterone (57) , and spontaneously hypertensive rats (SHR) (10) . These data suggest that female sex hormones are critical in influencing sodium handling and BP regulation; however, the mechanisms responsible continue to be investigated.
Salt-sensitive hypertension has been linked to the reninangiotensin system, as well as a decrease in NO production and bioavailability (8, 19, 53) . There is ample evidence in the literature supporting a role for increased ANG II and AT 1 receptor activation in female experimental animals following ovariectomy or high-salt diet that is blocked by estrogen supplementation (12, 15, 39, 59) . However, less is known regarding the role of the NO/NOS pathway in females following a high-salt diet, despite the fact that numerous studies have suggested that one of the primary mechanisms underlying the cardiovascular protective effect of estrogen is via increased NO production (31) .
The renal inner medulla (IM) is the site of the final regulation of sodium reabsorption and, therefore, plays an important role in sodium and water homeostasis and in the long-term control of BP. Moreover, NO is an important regulator of medullary water and sodium excretion (18, 27) . The renal inner medulla contains the highest amounts of NO synthase (NOS) protein in the kidney, with the greatest amount of NOS activity present in the inner medullary collecting duct (18, 56) . More recently, renal inner medullary collecting duct NOS has been directly demonstrated to impact sodium excretion to regulate BP (16) .
DS rats have been suggested to be an NO-deficient rat strain compared with SHR, and infusion of the NOS substrate L-arginine into the medulla of male DS rats prevents the development of salt-sensitive hypertension (28) . Our initial studies in the current article confirmed that female DS rats exhibit greater BP salt sensitivity than female SHR. There is a lack of information in the literature regarding the mechanisms regulating BP control in hypertensive females and whether these mechanisms are similar in salt-sensitive and essential models of hypertension. Therefore, additional studies tested the hypothesis that blunted increases in BP in female SHR will be accompanied by an increase in renal inner medullary NOS activity and expression in response to a HS diet, which will not be evident in female DS rats. OVX increases BP in female DS rats, even when maintained on a normal salt diet (12, 15, 59) . In contrast, BP in female SHR tends to be resistant to OVXmediated alterations in BP (12, 49) . Therefore, we further hypothesized that the effects of a high-salt diet on NOS and BP would be sex hormone-dependent in DS rats, but not SHR.
MATERIALS AND METHODS
Animals. Gonad-intact and OVX female SHR (Taconic Farms, Germantown, NY) and DS rats (Georgia Regents University breeding colony) were studied. Rats were housed in temperature-and humiditycontrolled, light-cycled quarters. All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved and monitored by the Georgia Regents University Institutional Animal Care and Use Committee. At 10 wk of age, a subset of female SHR and DS rats underwent OVX. Average body weight at the time of OVX was 158 Ϯ 3 g in SHR and 174 Ϯ 4 g in DS rats. The efficacy of OVX was confirmed by measuring uterus and body weights at the time of the experiment, as previously described (5) . At 12 wk of age, all rats were placed on a phytoestrogen-free normal-salt diet (NS; 0.4% NaCl, Harlan Teklad). At 14 wk of age, rats were randomized to either remain on the NS diet for an additional 2 wk or were placed on a phytoestrogen-free high-salt diet (HS; 4% NaCl, Harlan Teklad) for 2 wk. Rats were placed in metabolic cages weekly for 24-h urine collection. A subset of gonad-intact and OVX SHR and DS rats, randomized to receive HS treatment, were implanted with telemetry devices (Data Sciences, St. Paul, MN) at 11 wk of age for the continuous monitoring of BP, as previously described (36, 42) . Rats were allowed 1 wk of recovery before initiating phytoestrogen-free NS diet as discussed above. At 16 wk of age, all rats were anesthetized with ketamine/xylazine (48 mg/kg and 6.4 mg/kg ip, respectively; Phoenix Pharmaceuticals, St. Joseph, MO), kidneys were removed, and the renal IM were isolated and snap-frozen in liquid nitrogen.
A separate set of intact and OVX SHR were instrumented with telemetry devices and randomized to receive either phytoestrogen-free NS (0.4% NaCl, Harlan Teklad) or phytoestrogen-free HS (4% NaCl, Harlan Teklad) diet for 8 wk. At 22 wk of age, rats were anesthetized with ketamine/xylazine (48 mg/kg and 6.4 mg/kg ip, respectively; Phoenix Pharmaceuticals), kidneys were removed and the renal IM were isolated and snap-frozen in liquid nitrogen.
Total NOS activity. Renal IMs were homogenized in buffer in the presence of protease inhibitors, as previously described (46) , and the whole homogenate was used in the NOS activity assay, as previously described (43 (3, 48) . Two-color immunoblots were performed using primary antibodies to NOS1, NOS3, and NOS3 phosphorylated on serine residue 1177 (pNOS3 Ser-1177) (1:500; Transduction Laboratories, Lexington, KY), or monoclonal antibody to actin (A1978, 1:10,000; Sigma, St. Louis, MO). Protein concentrations were determined by standard Bradford assay (Bio-Rad, Hercules, CA) using BSA as the standard. Actin was used to verify equal protein loading, and data are reported normalized to actin.
Urinary analysis. Urinary total nitrate/nitrite concentration (NO x) was measured as an index of NO using the Griess assay, according to the manufacturer's instructions (Cayman Chemicals, Ann Arbor, MI). Urinary sodium excretion was measured after diluting samples at a 1:20 ratio with deionized water using a sodium analyzer, according to the manufacturer's instructions (ELISE, Beckman Instruments, Fullerton, CA) (52) .
Statistical analysis. All data are expressed as means Ϯ SE. Telemetry data and metabolic cage data within each group were compared using repeated-measures ANOVA; BP values between intact and OVX rats were compared using a Student's t-test. Between-group comparisons within each strain for metabolic parameters, total NOS activity, NOS protein expression, and urinary NO x excretion data were compared using a two-way ANOVA. NOS enzymatic activity and NOx excretion between strains was compared in intact or OVX SHR and DS rats using a two-way ANOVA. For all comparisons, P Ͻ 0.05 was considered statistically significant. Analyses were performed using GraphPad Prism version 5.04 software (GraphPad Software, La Jolla, CA).
RESULTS

Metabolic parameters.
In agreement with previous reports (47) , OVX increased body weight in SHR, and OVX SHR remained heavier than intact females throughout the study (Table 1) . Intact female SHR gained more weight when switched to a HS diet than when maintained on NS diet; a HS diet did not impact weight gain in OVX rats. Food intake was consistent in intact and OVX SHR over the course of the treatment regardless of diet, although OVX ingested more NS chow than intact females. As expected, water intake, urine output, and sodium excretion increased among intact and OVX SHR on a HS diet.
Similar to SHR, OVX increased body weight in DS rats, and OVX DS rats remained heavier than intact females throughout the study (Table 2) . However, there were no group, diet, or temporal differences in weight among DS rats when compared using a two-way ANOVA. Food intake was comparable in all groups. Water intake, urine output, and sodium excretion increased among intact and OVX DS rats on a HS diet.
Blood pressure response to 2 wk HS in SHR and DS rats. BP was comparable in intact and OVX female SHR at baseline (Fig. 1A) . HS diet resulted in a slight, but significant, increase in BP in both intact and OVX SHR following 4 days of HS diet. There were no further increases in BP for the remainder of the 2 wk of HS diet and the increase in BP was comparable between intact and OVX SHR at the end of 2 wk (Fig. 1C) . In contrast, OVX DS rats exhibited a higher BP than intact rats at baseline, which was maintained throughout the study (Fig. 1B) . A HS diet significantly increased BP in both intact and OVX DS rats following 1 day of HS. Following 1 wk of HS treatment, there was a comparable percent increase in BP between the two groups; however, OVX rats had a greater further increase in BP in the second week of HS compared with intact rats (Fig. 1D ). Body weight, g Baseline At baseline, all rats were maintained on phytoestrogen-free normal salt diet (NS; 0.4% NaCl, Harlan Teklad). Rats were then randomized to remain on NS or were switched to phytoestrogen-free high-salt diet (HS; 4% NaCl) for an additional 2 wk. All data are expressed as means Ϯ SE. *Significant difference from NS control of the same group [intact or ovariectomized (OVX)]. †Sig-nificant difference from gonad-intact of the same treatment group (NS or HS).
‡Significant difference from the previous week within the same group. Numbers in parentheses refer to n values.
Total NOS enzymatic activity and protein expression in the renal IM.
To test the hypothesis that rat strain impacts the effect of salt on NOS protein expression and activity, renal inner medullary NOS enzymatic activity and expression were measured in intact and OVX SHR and DS rats maintained on a NS or HS diet for 2 wk. Total NOS activity was comparable in intact and OVX SHR ( Fig. 2A ) and DS rats (Fig. 2B ) regardless of diet. NOS enzymatic activity was also compared in intact or OVX SHR and DS rats. For both comparisons, SHR have greater NOS activity than DS rats (intact rats: strain, P ϭ 0.03; OVX rats: strain, P ϭ 0.003). There was no significant effect of salt (intact rats: salt, P ϭ 0.8; OVX rats: salt, P ϭ 0.4) or interaction (intact rats: interaction, P ϭ 0.8; OVX rats: interaction, P ϭ 0.5).
Despite no changes in NOS enzymatic activity, NOS1 protein expression was significantly increased by HS in intact and OVX SHR (Fig. 3A) . NOS1 protein expression was not altered by OVX or HS in DS rats (Fig. 3B ). NOS3 protein expression was not significantly altered by HS or OVX in either SHR or DS rats (Fig. 4) . Phosphorylation of NOS3 on serine residue 1177 has been identified as an estrogen-sensitive phosphorylation site (13); however, neither OVX nor HS significantly impacted pNOS3 Ser-1177 protein expression in either SHR or DS rats either when normalized to actin (Fig. 5 ) or to total NOS3 protein expression (SHR: effect of hormones, P ϭ 0.7; salt: P ϭ 0.8; interaction: P ϭ 0.5; and DS: effect of hormones: P ϭ 0.3; salt: P ϭ 0.9; interaction: P ϭ 0.9).
Urinary NO x excretion. Nitrate and nitrite are stable breakdown products of NO and can be used to assess NO bioavailability. HS diet induced an increase in NO x excretion in both gonad-intact and OVX SHR, although OVX alone had no impact on NO x excretion (Fig. 6A) . In contrast, HS diet did not alter NO x excretion in DS rats and OVX decreased NO x excretion (Fig. 6B) . NO x excretion was also compared in intact or OVX SHR and DS rats. For both comparisons, SHR have greater NO x excretion than DS rats (intact rats: strain, P ϭ At baseline, all rats were maintained on phytoestrogen-free NS diet (0.4% NaCl; Harlan Teklad). Rats were then randomized to remain on NS or were switched to phytoestrogen-free HS diet (4% NaCl) for an additional 2 wk. All data are expressed as means Ϯ SE. *Significant difference from NS control of the same group (intact or OVX). †Significant difference from gonad-intact of the same treatment group (NS or HS). ‡Significant difference from the previous week within the same group. Numbers in parentheses refer to n values. 0.002; OVX rats: strain, P ϭ 0.01) and HS increased urinary NO x only in SHR (intact: interaction, P ϭ 0.01; OVX: interaction, P ϭ 0.01).
NOS expression in SHR vs. DS. NOS1 and NOS3 protein expression was also directly compared in the renal IM of female SHR and DS rats on a NS diet. Female SHR exhibited greater NOS1 (P ϭ 0.001; Fig. 7A ) and NOS3 (0.006; Fig. 7B ) protein expression than DS rats.
Blood pressure response to 8 wk HS in SHR. To determine whether the attenuated salt-sensitive hypertension in OVX female SHR relative to DS rats was due to a delayed increase in BP, additional intact and OVX SHR were maintained on a HS diet for 8 wk. Similar to what was observed in the 2-wk study, BP was comparable in intact and OVX SHR, and BP was significantly increased following 4 days of HS (Fig. 8A) . However, maintaining female SHR on a HS diet for an additional 6 wk did not significantly increase BP beyond that observed in 2 wk. Intact females exhibited a 4 Ϯ 1% increase from baseline MAP following 2 wk and a 6 Ϯ 1% increase following 8 wk. Similarly, OVX rats exhibited a 5 Ϯ 1% increase from baseline MAP following 2 wk and a 6 Ϯ 1% increase following 8 wk. Furthermore, 8 wk on a HS diet did not reveal an impact of female sex hormones on renal inner medullary NOS activity (Fig. 8B ).
DISCUSSION
The current study confirmed that, as hypothesized, female DS rats have greater BP salt sensitivity than female SHR. To gain insight into the mechanisms by which female SHR resist salt-induced increases in BP, we examined the impact of sex hormones on HS diet-induced changes in NOS expression, activity, NO x excretion, and BP. The major novel findings of the present study are 1) female sex hormones attenuate saltinduced increases in BP and increase NO x excretion in DS rats, but not SHR; 2) despite no change in NOS enzymatic activity in either strain by hormones or salt, female SHR exhibit a sex hormone-independent increase in renal inner medullary NOS1 protein expression and urinary NO x excretion following a HS diet that was not apparent in DS rats; and 3) female SHR have greater renal inner medullary NOS protein expression and activity than female DS rats. We propose that female SHR upregulate NOS1 expression and NO production in response to HS, which contributes to their lower BP sensitivity to a HS diet. Taken together, our data suggest that the mechanisms by which these two hypertensive rat strains modulate BP differ and underscore the importance of expanding our understanding of how females modulate BP under both physiological and pathological situations. Female sex hormones have been widely suggested to protect against cardiovascular disease and the development of salt sensitivity in premenopausal women and experimental animals (35, 40) . Consistent with previous reports in the literature, OVX increased basal BP in female DS rats but not in SHR (12, 15, 59) . Initiation of a HS diet increased BP in both strains, although as expected, DS had a faster and more pronounced increase in BP than SHR. Also consistent with previous reports, OVX of DS rats exacerbated HS-mediated increases in BP (59); BP in SHR on a HS diet was not altered by OVX. Interestingly, it has been reported that early OVX of female SHR prior to sexual maturation (3 wk of age) resulted in a measurable increase in BP not seen in rats maintained on a phytoestrogen-replete diet (10). Gonad-intact female SHR also exhibited an increase in BP when the HS diet was initiated at 3 wk of age, although the increase was attenuated compared with the OVX rats (10) . These data suggest that the timing of OVX and the age when a HS diet is started are critical determinants of the impact of a HS diet on BP in female SHR. Renal medullary NOS is a key regulator of medullary blood flow and sodium and water balance, and inhibition of medullary NOS1 in male rats results in hypertension (25) (26) (27) . It was recently shown that selective deletion of NOS1 from principal cells of the renal collecting duct in male mice results in a salt-sensitive BP phenotype (16) , directly implicating renal NOS1 in BP salt sensitivity. The two immunoreactive NOS1 bands detected via Western blot analysis in the rat kidney correspond to NOS1␣ and NOS1␤ (16, 20) . HS diet-induced increases in renal NO production in male Sprague-Dawley rats is associated with greater increases in NOS1␤ than NOS1␣, suggesting a critical role for NOS1␤, in particular, in responding to a HS diet in male rats (17, 20) . NOS1 densitometric values reported in the current study include both NOS1 splice variants.
Intact NS Intact HS OVX NS OVX HS
We previously reported that female SHR have greater renal inner medullary NOS activity and NOS1 protein expression than males, and female SHR are more dependent on NOS to maintain their BP than males (2, 45) . Relative to SHR, DS rats have been suggested to be an NO-deficient rat strain (1, 4, 59) , although few studies have directly compared NOS in the two strains. On the basis of these data, we hypothesized that female SHR would have a greater increase in renal inner medullary NOS in response to a HS diet compared with DS rats. The results of the current study support an important role for NOS1 to limit BP sensitivity to HS in female SHR. Similarly, the inability of female DS rats to increase NOS1 protein expression or urinary NO x levels in response to HS likely contributes to their exacerbated increase in BP. It should be noted that the majority of data in the literature supporting a link between NO and salt has been performed in males, yet the current study only examined females. Potential strain differences in male SHR and DS rats in NOS and BP responses to HS have yet to be examined; however, consistent with our findings, NOS1 mRNA levels are less in male DS rats compared with Dahl salt-resistant (DR) rats and the HS diet increased NOS1 only in DR rats (6) . Moreover, the authors suggested that increased NOS1 activity in DR rats prevented the development of saltsensitive hypertension. OVX was not associated with changes in NOS expression or activity in either strain regardless of the diet. Female sex hormones consistently increase NO production in vitro (32) , although in vivo studies have yielded conflicting results (11) . Consistent with our current results, we have previously published that manipulation of female sex hormones in SHR does not alter NOS enzymatic activity or expression in the renal IM (45) or cortex (44) . In agreement with our results, OVX in Sprague-Dawley rats (33) , DS rats (on 0.1% NaCl) (22) , or Fischer-344 rats (37) does not alter renal NOS expression. OVX was also not associated with significant changes in NOS3 phosphorylation on serine residue 1177. This result is consistent with previous reports in SHR directly measuring NOS3 phosphorylation and studies in female DS rats, which found that expression of phospho-Akt is not altered by OVX or estrogen supplementation (22, 44) . The protein kinase Akt increases NOS3 activity by enhancing its phosphorylation on Ser-1177 (9). However, in contrast to these findings, renal NOS protein expression decreases following OVX of hypertensive congenic female mRen (2) .Lewis rats and SpragueDawley rats (33, 58) . On the basis of differences in the age at which animals were ovariectomized and the duration of time allowed to pass post-OVX before study, these data suggest that the age at OVX and strain may also be critical determinants of the impact on NOS.
OVX differentially impacted BP and NOS in DS rats. BP was altered independent of NOS expression and activity in female DS rats, although OVX decreased NO x excretion. On the basis of the lack of changes in NOS activity and expression, this decrease may reflect an increase in oxidative stress and scavenging of NO. Indeed, HS has been shown to increase renal and vascular superoxide production in male and female DS rats (21) . These data support studies in the literature indicating that the DS rat strain is a NOS-deficient strain, and, as a result, female DS rats are likely less dependent on NO for BP control. Interestingly, increases in BP following OVX in DS rats were accompanied by a decrease in NO x excretion that was not apparent in SHR. Therefore, while DS rats have lower levels of NOS expression, activity, and NO x excretion than SHR, female sex hormone-mediated NO production may contribute to basal BP control in DS rats.
We previously published that BP in female SHR is extremely sensitive to NOS inhibition, and salt-induced increases in BP in the current study were accompanied by an increase in NOS1 expression; however, this increase was hormone-independent. The mechanism by which salt induced NOS1 protein expression in female SHR was not examined. However, highsalt intake has been consistently shown in male mice and rats to increase urinary and plasma NO x (16, 17, 54) . In addition, NO plays an important role in salt excretion by increasing medullary blood flow (24, 27) and by direct inhibition of sodium and chloride reabsorption (34, 41) . Although NOS3 is highly expressed in endothelial cells throughout the kidney, thick ascending limb, inner medullary collecting duct, and proximal tubules (30) , NOS3 expression and phosphorylation were not altered by HS in either strain. Consistent with our results in the current study, data from our laboratory and others have shown that a HS diet does not alter renal inner medullary NOS3 expression, total renal NOS3 expression, or NOS3 phosphorylation in male Sprague-Dawley rats, male DR rats, or male DS rats (6, 29, 50) . Therefore, we suggest that increased expression of renal NOS1 in SHR represents an adaptive response to maintain NO production to increase salt excretion and maintain BP. The increase in NOS1 protein expression in female SHR with a HS diet was not accompanied by an increase in total NOS enzymatic activity. Indeed, NOS activity was equivalent between SHR on NS and HS diets, despite marked differences in NOS1 protein expression. Since both protein expression and activity are reported normalized to total protein expression, this may suggest that HS actually reduced NOS enzymatic capacity in renal IM, although this would not be supported by the increase in urinary NO x excretion with HS in the female SHR. It should be noted that the NOS activity assay reflects the potential of all NOS isoforms present to produce NO and is not a measurement of in vivo NO production. Moreover, isoformspecific activity was not assessed, so it is unknown whether there were isoform-specific changes in NOS activity. The NOS activity assay was performed in the presence of optimal concentrations of cofactors, which may not be the case in vivo. For example, Dahl rats have been demonstrated to have high levels of the endogenous NOS inhibitor ADMA relative to SHR (23) . In addition, although NOS typically catalyzes the conversion of L-arginine to NO and L-citrulline, the enzyme can also be uncoupled to produce superoxide, and this would not be differentiated in our assay. In particular, when levels of the cofactor tetrahydrobiopterin (BH 4 ) are limited, NOS is uncoupled (55), and male DS rats have decreased BH 4 availability and uncoupled NOS in the renal medulla (51) .
Perspectives and Significance
Both the increase in salt consumption and the loss of female sex hormones are known to contribute to the progression of hypertension in humans. In this study, we confirmed that there are different mechanisms modulating the response to a HS diet in two different models of hypertension. DS rats are widely used as a model of salt sensitivity, often representing the phenotype of hypertensive African Americans, and SHR are a major model of primary hypertension. Close to half of the clinical population with hypertension are women, yet the majority of basic science studies continue to focus on males.
The results of the current study provide insight into differences by which female models of salt-sensitive and essential hypertension differentially respond to a HS challenge. With consumption of salt continuing to increase in the Western world, understanding how females respond to a salt challenge mechanistically will provide needed insight into increasing BP control rates in all hypertensive individuals.
